It is not uncommon for research and quality control samples, including carbonated beverage samples, to be refrigerated or frozen during peak periods of production and/or sampling, when analytical demand exceeds instrumental capacity. However, the effect of sub-ambient temperatures on carbonated beverage composition during storage has not been well characterized. Mid-infrared (MIR) spectroscopy combined with principal component analysis (PCA) and traditional chemical analyses were used to evaluate the effects of refrigeration (for 1 week) and freezing (for 1 or 6 weeks) on the composition of carbonated beverages, including sparkling water, sparkling wine, beer, and cider. Carbonated beverages were generally resistant to changes in pH, titratable acidity, alcohol, total phenolics, sugar, and color, during short-term (1 week) storage. However, long-term (6 week) freezing resulted in decreased total phenolics, with acidity also affected, albeit to a lesser extent. MIR spectroscopy combined with PCA enabled discrimination of carbonated beverages based on composition, with alcohol content having a significant influence. Examination of the MIR 'fingerprint' region indicated subtle compositional changes occurred in carbonated beverages following prolonged freezing.
Introduction
Quality control teams routinely perform a range of compositional analyses on carbonated beverages post-production, e.g., to ensure that products meet quality and/or legal specifications. However, during peak periods or when analytical equipment is offline, samples cannot always be analyzed immediately. In these cases, the storage of samples (often at sub-optimal temperatures) prior to analysis is unavoidable, yet very little information exists on how the chemical composition of carbonated beverages is affected by storage, particularly storage at sub-ambient temperatures. In an ideal world, carbonated beverages are analyzed either in situ during processing, or for routine quality control as soon as they become available, to provide a 'real time' snapshot of composition. However, the refrigeration or freezing of samples is often required prior to analysis, to accommodate peak analytical demand, instrument downtime, highly labile samples, or out-sourcing of analysis [1] . In these circumstances, the physical and chemical integrity of the samples must be maintained [1] ; yet little is known about the influence of sub-ambient storage on beverage composition.
Attenuated Total Reflectance Mid-Infrared Spectroscopy (ATR-MIR)
Carbonated beverage samples (fresh and degassed, ca. 0.5 mL) were scanned using a platinum diamond ATR single reflection sampling module cell mounted in a Bruker Alpha instrument (Bruker Optics GmbH, Ettlingen, Germany). The MIR spectra of samples were recorded with OPUS software (Version 7, Bruker Optics) by taking the average of 32 scans at a resolution of 8 cm −1 , acquired between 4000 and 400 cm −1 , with a scanner velocity of 7.5 KHz and a background of 32 scans. Background reference spectra were recorded using air, after every 4 samples. MIR spectra were then exported from OPUS into The Unscrambler (Edition 10.2, CAMO ASA, Oslo, Norway) for chemometric analysis. Spectra were pre-processed using the second-derivative transformation, the Savitzky-Golay derivation, and smoothing (20-point and 2nd-order filtering operation), to reduce baseline variation and to enhance spectral features. PCA was performed on both the entire spectral range (4000 to 400 cm −1 ) and the MIR 'fingerprint' region (1500 to 900 cm −1 ).
Statistical Analysis
Compositional data were analyzed using IBM SPSS Statistics 21 (IBM Corp., Armonk, NY, USA, 2011, Version 21.0) and Analysis of Variance (ANOVA) using GenStat (15th Edition, VSN International Limited, Herts, UK). Mean comparisons were performed by least significant difference (LSD) multiple comparison tests at a 5% level of significance (p < 0.05). Post hoc analysis was performed using the Tukey's test.
Results and Discussion
Basic compositional analyses, i.e., determinations of pH, TA, sugar, alcohol content, total phenolics, and color, together with MIR spectroscopy measurements, were performed on carbonated beverages prior to storage (i.e., when freshly opened) and after short-term (1 week) refrigeration or freezing or long-term (6 week) freezing, in order to investigate any influence of storage conditions on beverage composition. Table 1 represents the mean and range of basic chemical parameters measured for each carbonated beverage, across all storage conditions (i.e., fresh, refrigerated for 1 week, and frozen for 1 or 6 weeks). Narrow ranges therefore indicate little variation amongst sample replicates stored under different conditions. Compositional differences were observed between the different types of carbonated beverages studied (Table 1) , as expected. Sparkling water had almost neutral pH (6.1) and very low TA (0.5 g/L), whereas the mean pH for the sparkling wine, beer, and cider samples was 3.1, 4.1, and 3.1-3.6, respectively. TA ranged from 6.0 to 7.3 g/L for the sparkling wine, 5.4 to 6.8 g/L for the ciders, and 1.2 to 2.0 g/L for the beers. The alcohol content of sparkling wine was higher (averaging 11.7% abv) compared to that for beer (averaging 2.4% to 4.5% abv) and cider (averaging 2.4% to 5.0% abv). The ciders contained the highest sugar levels (averaging 11.0-21.7 g/L), while the sparkling wine contained moderate sugar levels (averaging 12.7 g/L,) and the beers were dry (≤0.2 g/L). Differences in total phenolics and color were also observed between the sparkling wine, beers, and ciders, as well as amongst the different beers and ciders (Table 1 ). Storage did not significantly affect the pH or TA of sparkling water, nor the pH, alcohol, sugar, or color of the other carbonated beverages ( Table 1) , but some statistically significant differences were observed in TA and phenolics following the refrigeration and/or freezing of beer and cider ( Supplementary Table S1 ). TA, expressed as either tartaric (wine and water) or malic acid (beer and cider; g/L), was generally not affected by short-term storage conditions, but long-term freezing resulted in both increased and decreased TA measurements, relative to control samples (i.e., freshly opened). Decreased TA might be explained by the precipitation of organic acids (and salts thereof) during freezing, but the increased TA observed for beer A and cider A could not be explained. The phenolic composition of sparkling wine was not affected by refrigeration or freezing, but decreases of up to 10% Beverages 2016, 2, 26 5 of 11 were observed for beer and cider samples following long-term freezing, and by approximately 40% in the case of beer D. Refrigeration and freezing were not expected to influence alcohol or sugar content, nor color, given that previous research has demonstrated the color stability of juice samples during storage [25] .
Influence of Storage Conditions on the Composition of Carbonated Beverages

Influence of Storage Conditions on the MIR Spectra of Carbonated Beverages
MIR spectra were collected for all carbonated beverages (sparkling water, sparkling wine, beers, and ciders) and the average spectra for each beverage type when freshly opened (and degassed) are shown in Figure 1 . Strong absorbance peaks were observed at 3300 cm −1 , while moderate absorbance peaks were found at 1045, 1085, and 1640 cm −1 . Peaks at 1640 and 3300 cm −1 corresponded to the O-H stretching and bending (respectively) of water molecules [10, 26] ; whereas peaks at 1045 and 1080 cm −1 were likely attributable to C-OH bonds present in ethanol, glycerol, glucose, and fructose [10, 26] , i.e., common constituents of sparkling wine, beer, and cider, that occur at different concentrations. and ciders) and the average spectra for each beverage type when freshly opened (and degassed) are shown in Figure 1 . Strong absorbance peaks were observed at 3300 cm −1 , while moderate absorbance peaks were found at 1045, 1085, and 1640 cm −1 . Peaks at 1640 and 3300 cm −1 corresponded to the O-H stretching and bending (respectively) of water molecules [10, 26] ; whereas peaks at 1045 and 1080 cm −1 were likely attributable to C-OH bonds present in ethanol, glycerol, glucose, and fructose [10, 26] , i.e., common constituents of sparkling wine, beer, and cider, that occur at different concentrations.
Most of the variation observed between MIR spectra of the different carbonated beverages occurred within the MIR fingerprint region, i.e., between 1500 and 900 cm −1 (Figure 1 ). Multivariate analysis was therefore performed on spectral data from this region and the PCA score plot of the first two principal components (PCs) derived from MIR spectral data is shown in Figure 2 ; with PC-1 and PC-2 explaining 85% and 10% of the observed variation, respectively. Distinct clustering of the different types of carbonated beverages was observed; with sparkling water samples located near the x-axis on the right side of the score plot, and sparkling wines located in the upper left quadrant. The four beers clustered within the upper right quadrant, while three ciders (ciders A, B, and D, all derived from apple) were located near the y-axis in the lower left quadrant. The remaining pearbased cider (cider C) was somewhat of an anomaly, with samples clustering in the upper right quadrant; i.e., in closer proximity to the beers, rather than the apple-based ciders. Figure 1 . Average ATR-MIR spectra (4000-400 cm −1 ) for each degassed carbonated beverage: sparkling water (n = 1), sparkling wine (n = 1), beer (n = 4), and cider (n = 4); ten replicates of each.
An earlier study involving MIR spectroscopy of sparkling wines found that alcohol content and sugar strongly influenced separation of sparkling white wines following PCA of MIR spectral data [22] . In the current study, significant differences were observed in the alcohol and sugar content of the different types of carbonated beverages ( Table 1 ). The clustering observed in Figure 2 is similarly driven by alcohol content; with alcohol levels highest in samples positioned on the right (i.e., sparkling water), and decreasing towards the center (i.e., beers and ciders), and the left (i.e., sparkling wine). Therefore, the differences in alcohol content between the beverages appear to be the biggest driving factor for separation across PC-1. Separation of the different beers and ciders (i.e., across PC-2) may be linked to compositional differences in acidity, phenolics, and color. In the case of beers, separation could also be attributable to compositional differences arising from barley variety and production styles; e.g., beers A and D were made from the same barley variety, but via different production methods. Separation of the pear vs. apple-based ciders (i.e., cider C vs. ciders A, B, and D) was not surprising, and likely reflects compositional differences between the pear and apple substrates used in cider production. Interestingly, ciders A and D were made from the same juice, Figure 1 . Average ATR-MIR spectra (4000-400 cm −1 ) for each degassed carbonated beverage: sparkling water (n = 1), sparkling wine (n = 1), beer (n = 4), and cider (n = 4); ten replicates of each.
Most of the variation observed between MIR spectra of the different carbonated beverages occurred within the MIR fingerprint region, i.e., between 1500 and 900 cm −1 (Figure 1 ). Multivariate analysis was therefore performed on spectral data from this region and the PCA score plot of the first two principal components (PCs) derived from MIR spectral data is shown in Figure 2 ; with PC-1 and PC-2 explaining 85% and 10% of the observed variation, respectively. Distinct clustering of the different types of carbonated beverages was observed; with sparkling water samples located near the x-axis on the right side of the score plot, and sparkling wines located in the upper left quadrant. The four beers clustered within the upper right quadrant, while three ciders (ciders A, B, and D, all derived from apple) were located near the y-axis in the lower left quadrant. The remaining pear-based cider (cider C) was somewhat of an anomaly, with samples clustering in the upper right quadrant; i.e., in closer proximity to the beers, rather than the apple-based ciders.
Beverages 2016, 2, 26 6 of 11 but as different styles, further demonstrating the capacity for MIR to differentiate samples according to methods of production. Short-term storage conditions (1 week of refrigeration or freezing) did not greatly influence the clustering patterns in the PCA score plots of the MIR spectra for the various beverages. In fact, the PCA score plots for the sparkling water, sparkling wine, beers, and ciders after short-term storage resembled that which is depicted in Figure 2 for the 'fresh' samples. However, long-term freezing resulted in notable 'drift' being observed amongst beer and cider samples (Figures 3 and 4 ), suggesting compositional changes may have occurred under these storage conditions. Sparkling water and sparkling wine samples remained tightly clustered (Figure 3a ,b, respectively). While Cider D samples also remained tightly clustered (in the upper left quadrant of the score plot), replicates of other cider samples were no longer positioned close to one another and showed a clear shift away from the 'fresh' samples ( Figure 3c ). Similar variation was observed in the spatial distribution of the beer samples following long-term freezing (Figure 3d ). Interestingly, the pear cider (cider C) was still located away from the apple ciders, and amongst the beers (Figure 4 ). An earlier study involving MIR spectroscopy of sparkling wines found that alcohol content and sugar strongly influenced separation of sparkling white wines following PCA of MIR spectral data [22] . In the current study, significant differences were observed in the alcohol and sugar content of the different types of carbonated beverages ( Table 1 ). The clustering observed in Figure 2 is similarly driven by alcohol content; with alcohol levels highest in samples positioned on the right (i.e., sparkling water), and decreasing towards the center (i.e., beers and ciders), and the left (i.e., sparkling wine). Therefore, the differences in alcohol content between the beverages appear to be the biggest driving factor for separation across PC-1. Separation of the different beers and ciders (i.e., across PC-2) may be linked to compositional differences in acidity, phenolics, and color. In the case of beers, separation could also be attributable to compositional differences arising from barley variety and production styles; e.g., beers A and D were made from the same barley variety, but via different production methods. Separation of the pear vs. apple-based ciders (i.e., cider C vs. ciders A, B, and D) was not surprising, and likely reflects compositional differences between the pear and apple substrates used in cider production. Interestingly, ciders A and D were made from the same juice, but as different styles, further demonstrating the capacity for MIR to differentiate samples according to methods of production.
Short-term storage conditions (1 week of refrigeration or freezing) did not greatly influence the clustering patterns in the PCA score plots of the MIR spectra for the various beverages. In fact, the PCA score plots for the sparkling water, sparkling wine, beers, and ciders after short-term storage resembled that which is depicted in Figure 2 for the 'fresh' samples. However, long-term freezing resulted in notable 'drift' being observed amongst beer and cider samples (Figures 3 and 4 ), suggesting compositional changes may have occurred under these storage conditions. Sparkling water and sparkling wine samples remained tightly clustered (Figure 3a ,b, respectively). While Cider D samples also remained tightly clustered (in the upper left quadrant of the score plot), replicates of other cider samples were no longer positioned close to one another and showed a clear shift away from the 'fresh' samples ( Figure 3c ). Similar variation was observed in the spatial distribution of the beer samples following long-term freezing (Figure 3d ). Interestingly, the pear cider (cider C) was still located away from the apple ciders, and amongst the beers (Figure 4 ). Beverages 2016, 2, 26 7 of 11 The loadings obtained for the first two PCs from the MIR fingerprint regions of carbonated beverages prior to storage (i.e., 'fresh' and degassed) and following long-term freezing were evaluated in an attempt to identify the factors driving the separation of sample replicates (Figures 5  and 6 ). PC-1 loadings were highest at 1152, 1054, 1028, and 980 cm −1 (Figure 5 ), whereas PC-2 loadings were highest at 1151, 1130, 1087, 1070, 1020, and 970 cm −1 (Figure 5 ). Figure 5 . Loadings for the first PC for the MIR fingerprint region (1500-900 cm −1 ) of carbonated beverages prior to storage (i.e., fresh and degassed) and following long-term (6 week) freezing. The loadings obtained for the first two PCs from the MIR fingerprint regions of carbonated beverages prior to storage (i.e., 'fresh' and degassed) and following long-term freezing were evaluated in an attempt to identify the factors driving the separation of sample replicates (Figures 5 and 6 ). PC-1 loadings were highest at 1152, 1054, 1028, and 980 cm −1 (Figure 5 ), whereas PC-2 loadings were highest at 1151, 1130, 1087, 1070, 1020, and 970 cm −1 (Figure 5 ). The loadings obtained for the first two PCs from the MIR fingerprint regions of carbonated beverages prior to storage (i.e., 'fresh' and degassed) and following long-term freezing were evaluated in an attempt to identify the factors driving the separation of sample replicates (Figures 5  and 6 ). PC-1 loadings were highest at 1152, 1054, 1028, and 980 cm −1 (Figure 5 ), whereas PC-2 loadings were highest at 1151, 1130, 1087, 1070, 1020, and 970 cm −1 (Figure 5 ). Figure 5 . Loadings for the first PC for the MIR fingerprint region (1500-900 cm −1 ) of carbonated beverages prior to storage (i.e., fresh and degassed) and following long-term (6 week) freezing. 
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Long-term freezing Figure 5 . Loadings for the first PC for the MIR fingerprint region (1500-900 cm −1 ) of carbonated beverages prior to storage (i.e., fresh and degassed) and following long-term (6 week) freezing. Figure 6 . Loadings for the second PC for the MIR fingerprint region (1500-900 cm −1 ) of carbonated beverages prior to storage (i.e., fresh and degassed) and following long-term (6 week) freezing.
In the first principal component, which explained 85% of the variation, the highest loadings were observed in the region of 1075 to 1004 cm −1 , while smaller and less significant variation was observed in the region of 1150 cm −1 . Differences within the 1075 to 1004 cm −1 region were typically driven by changes associated with O-H, C-C, and C-OH bonds of ethanol, glycerol [9, 10, 27] , cyclic alcohols (such as phenols) [26] , and to a lesser extent sugars [27] , while absorbance in the region of 1150 cm −1 usually arose from CO=O, C=C, C-H2, and C-H3 bonds from sugars [28] , acids and aldehydes [9] , and/or aromatic C-C stretching [17] . Importantly, for PC-1, the fresh and frozen samples followed an almost identical pattern, whereas for PC-2, fresh and frozen samples stored for 6 weeks displayed an inverse relationship. For PC-2, which explained 10% of the variation, the most dominant region was also observed at 1075 to 1004 cm −1 , while less significant and smaller loadings were also observed within the 1151-1130 cm −1 region. Taken together, PC-1 and PC-2 suggest either alcohol, glycerol, or phenolics, or to a lesser extent sugar and acids, may be responsible for the 'drift' following long term storage of beer and cider.
However, consideration of the basic chemical parameters of individual beer and cider samples can also be used to explain the 'drift' as a result of storage conditions. Conventional analysis showed that alcohols, sugars, and color were stable over all storage conditions, suggesting that these components were not responsible for any of the changes observed in the PC score plots and for the loadings in PC-1. However, decreases after long term frozen storage in the phenolic content by 10%-40% in beer and up to 10% in cider, suggest that it is possible that cyclic phenolic alcohols were primarily driving the changes. As there is a scarcity of information on MIR analysis and the cyclic phenolic compounds likely to be present in beer and cider, further studies are needed to confirm if these compounds are changing over long-term storage and are therefore responsible for the observed 'drift' in the PCA score plots of the MIR spectra for these beverages. Conventional analysis also revealed changes in TA after long term freezing in beer and cider. Taken together with the PC-1 and PC-2 score plots, organic acids may also be responsible for the observed changes, albeit to a lesser extent than the cyclic phenolic acids. However, as MIR is an extremely sensitive analytical tool, it is also possible that other changes that have not been measured, such as oxidation, may be driving these changes.
Conclusions
This study demonstrated that the compositions of several carbonated beverages (sparkling water, sparkling wine, beers, and ciders) were generally not affected by short-term storage and sub-ambient temperatures (i.e., refrigeration or freezing). However, the TA and phenolic content of beer and cider samples were susceptible to long-term freezing. These results suggest that where 
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Long-term freezing Figure 6 . Loadings for the second PC for the MIR fingerprint region (1500-900 cm −1 ) of carbonated beverages prior to storage (i.e., fresh and degassed) and following long-term (6 week) freezing.
In the first principal component, which explained 85% of the variation, the highest loadings were observed in the region of 1075 to 1004 cm −1 , while smaller and less significant variation was observed in the region of 1150 cm −1 . Differences within the 1075 to 1004 cm −1 region were typically driven by changes associated with O-H, C-C, and C-OH bonds of ethanol, glycerol [9, 10, 27] , cyclic alcohols (such as phenols) [26] , and to a lesser extent sugars [27] , while absorbance in the region of 1150 cm −1 usually arose from CO=O, C=C, C-H 2 , and C-H 3 bonds from sugars [28] , acids and aldehydes [9] , and/or aromatic C-C stretching [17] . Importantly, for PC-1, the fresh and frozen samples followed an almost identical pattern, whereas for PC-2, fresh and frozen samples stored for 6 weeks displayed an inverse relationship. For PC-2, which explained 10% of the variation, the most dominant region was also observed at 1075 to 1004 cm −1 , while less significant and smaller loadings were also observed within the 1151-1130 cm −1 region. Taken together, PC-1 and PC-2 suggest either alcohol, glycerol, or phenolics, or to a lesser extent sugar and acids, may be responsible for the 'drift' following long term storage of beer and cider.
Conclusions
This study demonstrated that the compositions of several carbonated beverages (sparkling water, sparkling wine, beers, and ciders) were generally not affected by short-term storage and sub-ambient temperatures (i.e., refrigeration or freezing). However, the TA and phenolic content of beer and cider samples were susceptible to long-term freezing. These results suggest that where industry might experience delays in sample analysis, some measurements (e.g., TA) may need to be prioritized to ensure confidence in the analytical data; whereas other measurements (such as pH, alcohol, and sugar content) could be delayed if required. MIR also proved to be an effective tool when combined with PCA, to both qualitatively discriminate between different carbonated beverages and samples stored under different conditions. Additionally, as conventional analytical methods of analysis are often time consuming, MIR spectroscopy could be used as a rapid, non-destructive method for routine analysis and/or to screen samples suited to more detailed compositional analysis by GC-MS or LC-MS.
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